Abstract: Ecological and economic data are essential to the identification of tropical nontimber forest products with the potential for sustainable and profitable extraction in a managed system. We studied the demographic effect and economic returns of harvesting aromatic gaharu wood from fungus-infected trees of
Introduction
Mechanized logging of lowland tropical rainforest is one of the most profitable, short-term uses of tropical forests, but it is also one of the most destructive. Historically, these facts have fostered a view that generating profit and conserving biodiversity are incompatible in tropical forests ( Barber et al. 1994 ). More recently, however, it has been argued that establishing extractive reserves for the sustainable harvest of marketable nontimber forest products (NTFP) has the potential to unite economic and conservation goals by promoting nature conservation (Gradwohl & Greenburg 1988; Plotkin & Famolare 1992) while maximizing long-term economic returns per unit area ( Fearnside 1989; Schwartzman 1989; Panayotou & Ashton 1992) .
Critics of the extractive reserve concept dispute claims that harvesting tropical NTFP has little negative effect on forest (Browder 1992; Hall & Bawa 1993) and generates superior financial profits (Putz 1992; Salafsky et al. 1993) . In principle, some NTFP plants may be harvested with modest effect on the exploited population (Peters 1990 ), but in practice many NTFP are overharvested ( Whitkowski et al. 1994; Murali et al. 1996; O'Brien & Kinnaird 1996) , affecting both the target population and animals that utilize the harvested product (Bodmer et al. 1990; Kinnaird 1992) . Furthermore, years after well-publicized valuations of NTFP extraction in Latin America (Peters et al. 1989; Balick & Mendelsohn 1992 ), it appears that NTFP harvesting in unmanaged forest rarely generates more long-term financial profits than do alternative forest uses (Godoy et al. 1993; Grimes et al. 1994; Hedge et al. 1996) .
Current overharvesting and low profitability of NTFP in unmanaged forest is not proof that sustainable and profitable extraction in a managed system is impossible. Combining economic and ecological data provides a powerful tool for identifying key parameters that could be manipulated in a managed system to improve the profitability and sustainability of extraction (Schulze et al. 1994 ). Yet, quantitative studies on the population ecology of NTFP species and the effect of harvesting them are rare (but see Fong 1992; Whitkowski et al. 1994; O'Brien & Kinnaird 1996; Shankar et al. 1996) , and this lack of technical information to inform management systems has undoubtedly limited the interest of government planners and investors in NTFP development.
We assessed the management potential of the NTFP gaharu wood, harvested from diseased trees of Aquilaria malaccensis Lam. (Thymeleaceae) in unmanaged rainforest of West Kalimantan, Indonesia. We studied the population ecology of A. malaccensis , the effect of harvesting on the tree population, and the net financial returns generated by gaharu-wood extraction. We addressed the following questions: (1) What were the habitat distribution, density, and size structure of A. malaccensis trees before and after exploitation? (2) What percentage of trees contained gaharu wood and how did this vary by forest type and tree size? (3) What was the net financial return per day earned by gaharu-wood collectors? (4) What is the net present value per hectare of gaharu wood in natural forest?
Gaharu Wood Product
Gaharu wood is the aromatic, resin-impregnated heartwood harvested throughout south Asia from five species of trees in the genus Aquilaria (Hou 1960 (Hou , 1964 . Unlike other resin products, gaharu is not tapped, but accumulates inside the tree and impregnates wood tissue to form aromatic nodules called gaharu wood. Gaharu wood is produced only by trees infected with a fungal pathogen that induces resin formation ( Bose 1938; Bhattacharya et al. 1952) . The epidemiology of the disease is not understood, but wood-boring insects (Skeats 1901; Jalaluddin 1977 ) and ants (Peluso 1983) have been implicated as vectors of the fungal pathogen(s). Reports of the proportion of Aquilaria trees in natural forest that contain gaharu-wood range from almost zero (Skeats 1901; Gimlette 1939) to 10% (Gianno 1990 felling trees that appear diseased and cutting away uninfected wood to remove the resin nodules. Experienced collectors assess the disease status of a tree by examining characteristics of the bark, sapwood, branch scars, and tree crown before felling.
Gaharu wood has a trade history in Asia that spans millennia (Burkill 1935; Wheatley 1959) . Today, it is among the most valuable forest products harvested in Southeast Asia (Nurhayanti 1988; Anonymous 1994 ). In the villages we studied, high-quality gaharu wood sold for up to US $500/kg, with typical prices ranging from $60 to $80/kg (G. Paoli, unpublished data). Gaharu wood is harvested intensively throughout Indonesia by private collectors and exported as a raw material to Asian and Arab markets (Nurhayanti 1988) , where high-quality wood becomes incense and low-quality wood is processed to extract oil used in religious ceremonies, cosmetics, and perfume (Anonymous 1994) .
Due to the high value of gaharu wood, Aquilaria has been severely overharvested throughout Asia during the last 20 years (Peluso 1983) . In 1994 the species was placed on Appendix II of the Convention on the International Trade in Endangered Species (CITES) (MacBryde 1994) . Listing on CITES Appendix I prohibits international trade in gaharu wood.
Study Site and Species
We collected data on A. malaccensis at the Cabang Panti Research Station in Gunung Palung National Park, West Kalimantan, Indonesia, from September 1991 through November 1992. Gunung Palung National Park (hereafter Gunung Palung) is a 100,000-ha rainforest preserve with a diverse mosaic of tropical rainforest types. Cabang Panti Research Station (hereafter Cabang Panti) is a 1500-ha long-term research area occupying the major river valley of the western slope of Mt. Palung. Annual rainfall at Cabang Panti is 4275 Ϯ 484 mm, with periods of reduced rainfall from January to February and June to September. We sampled the following six forest types along an elevational gradient (approximate area of each type within the park in parentheses): peat swamp (29,800 ha) and freshwater swamp forest (19,800 ha) near sea level; alluvial bench forest along the Air Putih River (10,000 ha); lowland mixed dipterocarp forest on sandstone-and quartzite-derived soils Ͻ 100 m above sea level ( lowland sandstone forest; 14,000 ha); lowland mixed dipterocarp forest on granite-derived soils Ͻ 360 m above sea level (lowland granite forest; 16,900 ha); and lower montane forest on granite slopes 360-750 m above sea level (5700 ha). These forest types compose Ͼ 97% of the total park area.
Harvesting of gaharu wood has occurred in forests surrounding Gunung Palung for centuries. According to village elders, however, Aquilaria trees were harvested almost exclusively near villages, where the tree was once abundant, until the species was discovered in the park in 1988. Harvesting forest products from the park is illegal, but the discovery of gaharu wood initiated two waves of exploitation. The first, from May 1988 to March 1989, removed most of the gaharu wood from Gunung Palung, except at Cabang Panti, where the presence of researchers reduced harvest activity. Harvesting during the second wave, August to September 1991, when local prices increased and researchers were absent, removed most of the remaining trees from Cabang Panti. We use "preharvest" to refer to the time before the first wave and "postharvest" to refer to the time after the second wave.
Three species of Aquilaria occur in Kalimantan, but A. malaccensis is far more common than either A. microcarpa or A. beccariana (Hou 1960; Whitmore 1973) . Fertile collections of four Aquilaria trees at Cabang Panti were examined and positively identified as A. malaccensis by G.D.P. using type specimens (Arnold Arboretum, Harvard University, Cambridge, Massachusetts). A. microcarpa and A. beccariana have not been recorded at the site. At Cabang Panti, A. malaccensis is a mid-to upperstory canopy tree producing a dehiscent capsular fruit (1 ϫ 1 ϫ 0.5 cm) that contains one to two thinly arillate brown seeds (0.4 ϫ 0.4 ϫ 0.5 cm) suspended 1-2 cm from the husk at maturity, suggesting that seeds are dispersed by birds (Gautier-Hion et al. 1985) . Seeds germinate within 30 days ( Beniwal 1989 ).
Methods

Ecological Assessment
We estimated the distribution, density, and size structure of A. malaccensis trees in a survey of all six forest types. In alluvial bench, lowland sandstone, lowland granite, and lower montane forest, we established 25 plots (each 1 ha, 20 ϫ 500 m) beginning at randomly chosen points along permanent trails and oriented away from trails at randomly chosen angles. In peat swamp forest, we surveyed 50 plots (each 0.5 ha, 20 ϫ 250 m) placed similarly. Although the 125 ha of plots originated from permanent trails, the plots were sufficiently long to traverse several ridge and valley subsystems within the watershed, making a serious spatial bias unlikely. We tested for the occurrence of A. malaccensis in freshwater swamp forest by surveying 2.4 ha of randomly placed permanent vegetation plots established in 1985 for phenological studies: 10 plots of 0.1 ha (20 ϫ 50 m) and another 7 plots of 0.2 ha (20 ϫ 100 m). Because only 2.4 ha were sampled in freshwater swamp, we did not estimate densities there. All 127.4 ha of fixed-area plots were surveyed for felled and standing A. malaccensis trees of Ն 20 cm in diameter at breast height (dbh; hereafter called Aquilaria trees).
This minimum size was chosen because felled Aquilaria trees at Cabang Panti were rarely Ͻ 20 cm dbh, and collectors reported that such trees seldom contain sufficient gaharu wood to justify harvesting them. In addition to the 127.4 ha of fixed-area plots, felled and standing Aquilaria trees were sampled opportunistically along permanent trails within each forest type. These opportunistic samples were not used to estimate population densities or the percentage of trees harvested, but they increased sample sizes for comparisons of tree size (dbh) among forest types and the proportion of trees that contained gaharu wood.
We examined Aquilaria trees harvested in 1991 with experienced gaharu-wood collectors to define the best criteria for assessing the disease status of trees we encountered during the surveys. Trees were first classified as felled or standing. Felled trees were then categorized as follows:
(1) contained gaharu wood , bole deeply cut into along Ͼ 50% of its length and small, similar-sized wood fragments indicated that uninfected wood was cut away to remove gaharu wood; (2) contained no gaharu wood , bole cut into at intervals and to various depths along Ͻ 50% of its length and large, multisized wood fragments suggest that uninfected wood was not cut away to remove gaharu wood; or (3) ambiguous , could not be classified as (1) or (2), but axe marks indicate that the tree had been felled and examined for gaharu wood.
Standing trees were placed into categories (4) or (5) to indicate whether they had been found by collectors:
(4) found, but contained no gaharu wood, and bark stripped from the bole and/or axe marks indicate that the tree was examined by a collector to assess disease status; or (5) not found, no visible signs of a collector having examined the tree.
The density and size of gaps created by felling Aquilaria trees was estimated during the survey of 1-ha plots. Gap density was defined as the density of felled trees. Gap size was estimated for 10 randomly chosen felled trees by producing a scale drawing from which area in square meters was estimated. Throughout the four nonswamp forest types (alluvial bench, lowland sandstone, lowland granite, and lower montane), we looked for regeneration near Aquilaria trees to infer the reproductive size threshold of Aquilaria and to quantify the overall density and size structure of regeneration near parents. Twenty-two trees were randomly chosen from a list of 53 felled ( n ϭ 13) and standing ( n ϭ 9) Aquilaria trees (18-83 cm dbh), with the restriction that chosen trees must be Ͼ 50 m apart. For the first 10 trees surveyed, Aquilaria individuals Ͼ 15 cm in height were mapped in circular plots of 50-m radius (0.79 ha) centered on the tree bole or stump. Because 98% of regeneration occurred within 30 m, the remaining 12 trees were surveyed in circular plots of 30-m radius (0.28 ha). In all 22 plots (total area 6.16 ha), all Aquilaria individuals were tagged and measured for height and dbh of Ն 1 cm.
In lowland sandstone forest, we examined the density and size structure of regeneration more extensively to quantify regeneration found at random in the forest and to compare regeneration "near" Aquilaria trees ( Ͻ 20 m away) with regeneration "away" from trees ( Ն 20 m away). The motivation for comparing regeneration near and away from parents was to test for evidence that recruitment may be enhanced by dispersal far from the parent (Clark & Clark 1984) . Such evidence might suggest management interventions, such as transplanting naturally occurring seedlings away from parents, to promote population recovery. We chose lowland sandstone forest because it is among the most widespread forest types in the park and tree densities were relatively high in lowland sandstone prior to harvest.
We quantified regeneration near parents in lowland sandstone by pooling data from the seven trees in this habitat that were sampled during the original 22-tree survey of regeneration within 30 m of trees. We recorded the number of juvenile Aquilaria in successive 1-m-wide annuli at increasing distance from the adult tree. Ninetyeight percent of regeneration Ͻ 30 m from trees occurred within 20 m, so a distance of Ͻ 20 m from parents was chosen to represent the density of regeneration near trees.
We sampled regeneration at random in lowland sandstone forest on 50 plots (each 0.2 ha, 20 ϫ 100 m; total area 10 ha) positioned at randomly chosen points along trails and oriented from trails at randomly chosen angles. Each plot was surveyed for regeneration of Ն 15 cm in height, and individuals were tagged and measured for height and dbh of Ͼ 1 cm. Canopy cover above each individual was classified as open, partially closed, or closed.
We then used these same 0.2-ha plots to quantify regeneration away (at least 20 m) from parent trees. To determine which areas satisfied this criterion, we surveyed a 20-m-wide band surrounding each plot and recorded whether felled or standing Aquilaria trees occurred within 20 m of the plot. Plots containing Aquilaria trees or with trees within 20 m of their edges were disqualified from the sample of trees Ն 20 m away from parents ( n ϭ 8 plots) and replaced with plots randomly positioned Ն 20 m from Aquilaria trees, thus restoring a 10-ha sample area.
Economic Assessment
Economic data on gaharu wood were obtained through interviews of five gaharu wood collectors from Rantau Panjang village on the west-northwest border of Gunung Palung. Collectors from Rantau Panjang have harvested gaharu wood since 1982, the onset of commercial harvesting in the Gunung Palung region. Each of the interviewees had harvested gaharu wood from Cabang Panti on at least two, and usually several, occasions. Collectors varied in age (24-33), years of harvesting experience (4-9), and number of collecting trips (12-90).
Each collector was interviewed independently by G.D.P., who had been living in the area continuously for 15 months and conversing daily with villagers in the Indonesian language (Bahasa Indonesia). Information was gathered to answer the following questions:
(1) What was the lowest, highest, and typical gross financial value of gaharu wood collected during one trip? (2) What were the total capital and labor costs of a typical collection trip? (3) What was the lowest, highest, and typical gross financial value of gaharu wood harvested from a single diseased tree?
We used the economic data to compute three financial parameters of gaharu-wood extraction. The daily net financial return (NFR) on extraction was computed to compare the income earned by gaharu-wood extraction with that of village employment:
where gross returns per trip is the estimated gross financial value of gaharu wood collected during a typical trip, trip duration is the average trip length (days), daily labor cost is the estimated daily village wage, and daily capital cost is the estimated total value of cash expenditures during a trip, divided by trip duration.
The net financial value (NFV T ) of gaharu wood per diseased tree was estimated from interviews by computing the mean gross financial value of gaharu wood in a typical diseased tree and then subtracting the estimated cost of capital and labor to harvest one tree. The estimated cost of harvesting one tree was computed as the sum of capital and labor costs per day to harvest gaharu wood, multiplied by the average number of days necessary to harvest gaharu wood equal in value to the gross financial value of a typical tree. The average number of days necessary to harvest one tree was estimated as the gross financial value per diseased tree, divided by the gross financial returns per trip, times the average trip duration (14 days).
Finally, we computed the net present value (NPV ) of gaharu wood per hectare (Dixon & Hufschmidt 1985) as NPV ϭ NFV H /(1 Ϫ e Ϫrt ), where NFV H is the net financial value of gaharu wood per hectare; r is the annual discount rate; and t is the number of years between harvests. When t ϭ 1, the flow of revenues is treated as an annuity. When t Ͼ 1, revenues accrue at frequencies of NFR gross returns per trip trip duration ⁄ daily labor cost daily capital cost
Ͼ1 year. The parameter r discounts the current value of net revenues that accrue in the future. We used a discount rate of 10%. The longer the time interval between successive harvests (t) and the larger the amount by which future revenues are discounted each year (r), the less future harvests are valued today. Data from which to calculate a sustainable rotation period are not available. We assumed a sustained-yield harvest of gaharu wood every 35 years, the midpoint of estimates that low-quality gaharu wood can be harvested from 20-year-old trees and high-quality gaharu wood from 50-year-old trees (Gimlette 1939; Beniwal 1989; Mahindru 1992) . We report financial values throughout the paper in U.S. dollars calculated from a composite 1988-1989 exchange rate of 1700 Rupiah per U.S. dollars.
Results
Ecological Assessment TREE POPULATION BEFORE AND AFTER HARVEST
Before harvesting began, Aquilaria malaccensis trees had a wide habitat distribution at Cabang Panti, occurring in five of the six forest types sampled: freshwater swamp, alluvial bench, lowland sandstone, lowland granite, and lower montane (Table 1) . Tree densities were low, however, in all forest types where densities were estimated, ranging from 0.16 Ϯ 0.07/ha in alluvial bench and lower montane to 0.32 Ϯ 0.1/ha in lowland sandstone and lowland granite forests (Table 1) . One Aquilaria tree was found in the 2.4 ha surveyed in freshwater swamp forest, and no trees were found in the 25 ha surveyed in peat swamp forest.
The size structure of the Aquilaria tree population before harvest was dominated by trees Ͻ40 cm dbh (Fig.  1) . The mean dbh of Aquilaria trees did not differ significantly among formations based either on the randomplot sample (Kruskal-Wallis test; n ϭ 24, H ϭ 3.955, p ϭ 0.412) or the combined random-plot and trail-side samples (Kruskal-Wallis test; n ϭ 46, H ϭ 0.7363, p ϭ 0.946).
Trees were felled in every formation where Aquilaria trees occurred (Table 1) . Overall, collectors felled 75% (18 of 24) of trees in the 125-ha sample of random plots. The intensity of harvesting ranged from 50% (alluvial bench) to 100% ( lower montane), leaving a density of trees that ranged from 0 ( lower montane) to 0.12 Ϯ 0.03/ha (lowland sandstone; Table 1 ). Across forest types, the density of gaps created by felling was low, ranging from 0.08 Ϯ 0.06/ha (alluvial bench) to 0.28 Ϯ 0.09/ha (lowland granite), and the mean gap size was 225 Ϯ 85 m 2 (n ϭ 10 trees), ranging from 92 to 345 m 2 . Trees were felled in all size classes (Fig. 1) . In the random-plot sample, the frequency of trees Ͻ40 cm dbh before harvest (12 of 24 trees) equaled that of trees after harvest (3 of 6 trees), and the mean dbh of trees before harvest (44 Ϯ 3 cm, n ϭ 24) did not differ from that of residual trees after harvest (45 Ϯ 8 cm, n ϭ 6; MannWhitney test, U ϭ 68.5, p ϭ 0.856).
FREQUENCY OF GAHARU WOOD FORMATION
Trees of each harvesting category (Table 1) were found during the 125-ha survey of random plots. Of the 18 trees felled, 11 contained gaharu wood, 4 did not, and 3 were ambiguous. Of the 6 standing trees, 4 were examined by collectors but not felled, whereas 2 (8% of the total) were not discovered by collectors. Overall, 50% of Aquilaria trees contained gaharu wood. This was estimated from the random-plot sample by computing the ratio of trees that contained gaharu wood (11) to the total number of trees found by collectors (22; Table 1 ). The frequency of infection among forest types varied, Table 1 . Density (mean Ϯ 1 SE) of Aquilaria malaccensis trees Ն20 cm dbh, their harvest status, and the abundance of regeneration near adults in five major forest types at Gunung Palung National Park, West Kalimantan, Indonesia. ranging from 25% (2 of 8) in lowland sandstone forest to 100% (4 of 4) in upper montane forest. The mean dbh of trees that contained gaharu wood did not differ from that of trees that did not contain gaharu wood, based on either the random-plot sample (39 Ϯ 5 vs. 51 Ϯ 5 cm; Mann-Whitney test, n ϭ 20, U ϭ 28, p ϭ 0.102) or the combined plot and trail-side sample (43 Ϯ 4 vs. 47 Ϯ 3 cm; Mann-Whitney test, n ϭ 38, U ϭ 145.5, p ϭ 0.306). Soil nutrient availability in soils derived from granite at Cabang Panti is much lower than in soils derived from sedimentary rock and alluvium (G. Paoli, unpublished data). Thus, we classified forest on granite soils as upper-elevation forest (where soils are less fertile) and alluvial bench and lowland sandstone forest as lower-elevation forests (where soils are more fertile) and compared the frequency of gaharu wood formation between these groups using the combined random-plot and trail-side samples. Trees at upper elevations were significantly more likely to contain gaharu wood (73%, 16 of 22) than trees at lower elevations (27%, 4 of 15; chi-square test, 2 ϭ 4.27, p ϭ 0.041).
Parameter
PATTERNS OF REGENERATION
Among trees Ͻ35 cm dbh, only 2 of 8 had any conspecific regeneration within 30 m. In contrast, for trees Ն35 cm dbh, 12 of 14 had at least some regeneration within 30 m, and most were surrounded by many conspecific juveniles. We concluded that Aquilaria trees at Cabang Panti reach reproductive maturity at approximately 35 cm dbh. Among trees Ն35 cm dbh, however, the size of parents was unrelated to the abundance of regeneration surrounding them. The abundance of regeneration surrounding parents displayed the same pattern among forest types as the abundance of Aquilaria trees:
regeneration was more abundant in lowland sandstone and granite forest than in alluvial bench and lower montane forest (Table 1) . When data were pooled across all forest types, the mean density of regeneration within 3-7 m of Aquilaria trees exceeded 2/m 2 and dropped sharply to Ͻ0.01/m 2 beyond 15 m. In lowland sandstone forest, where regeneration was sampled most extensively, the density of postharvest regeneration at random in the forest was 2.02 per 0.2-ha plot, or approximately 10/ha, 200 times lower than the mean density of regeneration within 3-7 m of parent trees in the same forest type. The size structure of regeneration sampled at random in lowland sandstone forest was highly skewed and dominated by individuals Ͻ200 cm in height (Fig. 2) . Densities of individuals Ͼ6 m in height were extremely low (0.6/ha), but a few individuals in the pole and subadult tree size classes were found in the 10 ha surveyed.
The size structure of Aquilaria regeneration within 20 m of parent trees in lowland sandstone forest differed from that of regeneration more than 20 m from trees (Fig. 3) . Seedlings and saplings were significantly smaller near adult trees (125 Ϯ 9 cm, n ϭ 162) than away from adult trees (183 Ϯ 20 cm, n ϭ 92; MannWhitney test, U ϭ 5715, p ϭ 0.002), and the relative frequency of individuals of Ͼ100 cm in height was significantly lower near trees (68 of 162) than away from trees (55 of 92; chi-square test, 2 ϭ 3.842, p ϭ 0.049).
Economic Assessment
The mean estimated gross financial return reported from a typical 14-day collection trip was $124, or $8.80 per day (Table 2) . Minimum gross returns were zero for all respondents, and maximum gross returns ranged from $167 to $3570.
The mean estimated capital cost per day of a typical trip was $0.90 (Table 3) . These costs were usually met by local gaharu-wood buyers, who loaned money to collectors in exchange for a promise to sell gaharu wood to the buyer. The mean estimated net financial return per day was $5.25 (Table 2 ). This was calculated by subtracting the sum of mean capital costs per day ($0.90) and daily village wage ($2.65) from the mean gross financial returns per day ($8.80). Gaharu-wood extraction was therefore extremely profitable, especially considering that net return was calculated as the daily profit above the daily village wage, which is not always available.
The mean estimated gross financial value of gaharu wood in a typical diseased tree was $129 (Table 2) . Among collectors, the minimum estimated gross financial value per tree ranged from $6 to $9, and the maximum ranged from $529 to $7650. The mean estimated cost of capital ($14) and labor ($40) to harvest a single tree was $54 (Table 2) . Thus, subtracting the estimated cost of harvesting a tree ($54) from the estimated gross financial value of a tree ($129) yielded an estimated net financial value per tree of $75 ( Table 2) .
The mean estimated density of diseased trees in forest types where Aquilaria occurred was 0.14 trees/ha and ranged from 0.04 (alluvial bench) to 0.24/ha (lowland granite; Table 3 ). The mean estimated net financial value of diseased trees in these same forest types was $10.50/ ha and ranged from $3 (alluvial bench) to $18 (lowland granite forest). Based on our observation that 92% of Aquilaria trees in the 125-ha survey of random plots were found by collectors (Table 1) , we estimate that 92% of the gaharu wood available at Cabang Panti was actually harvested.
Assuming a sustainable harvest every thirty-five years and a discount rate of 10%, the mean estimated net present value per hectare of gaharu wood available for harvest in forest types where Aquilaria occurred was $10.83, ranging from $3.44 (alluvial bench) to $18.56 ( lowland granite; Table 3 ). The wide habitat distribution of Aquilaria at Cabang Panti suggests that its natural distribution in nonswamp forest is not strongly limited by environmental conditions that vary with elevation. Such a broad habitat distribution is uncommon among canopy tree species at Cabang Panti, yet it appears to be typical of Aquilaria in India (Beniwal 1989) and Peninsular Malaysia (LaFrankie 1994). Although widespread, Aquilaria trees were rare throughout their range at Cabang Panti, reaching a maximum estimated density of 0.32/ha before harvest. This is consistent with low densities reported in India (Beniwal 1989) and Peninsular Malaysia (LaFrankie 1994), but it contrasts with a report by Sidiyasa et al. (1986) , who found stands of Aquilaria trees of Ն20 cm dbh in South Kalimantan, with densities of 100/ha on alluvial soils and 120/ha on sandstone-derived soils. Gaharu-wood collectors consider Aquilaria harvestable at only 20 cm dbh, far below the reproductive threshold, which we estimated at 35 cm dbh. Harvesting prior to maturity places the population at high risk of extinction unless "seed trees" are designated and spared from harvest.
Densities of regeneration near Aquilaria trees were highly variable among forest types but were highest in lowland sandstone and lowland granite forest, where adult densities were also highest (Table 1 ). This pattern suggests that differences in adult tree densities among forest types may be driven by differences in juvenile establishment and recruitment, but long-term demographic data are required to test this hypothesis. The size structure of Aquilaria regeneration was dominated by smaller size classes whether sampled at random in the forest (Fig. 2) , near parents, or away from parents (Fig. 3) . But the smaller average size and lower relative frequency of large recruits nearer parents than further away (Fig. 3) suggests that either (1) prior to sampling in 1991 (1-3 months after harvesting), natural conditions for regeneration were poorer near parents or (2) regeneration farther away is older, originating from parent trees that have since died and decomposed.
FREQUENCY OF GAHARU WOOD INFECTION
Our estimate that 50% of Aquilaria trees at Cabang Panti contained gaharu wood is much higher than anecdotal reports elsewhere, but it approximates collectors' estimates that one of three trees contained gaharu wood at Gunung Palung. That the frequency of gaharu-wood formation was unrelated to tree size confirms a report by Skeats (1901) that gaharu wood occurs in trees of any size greater than 25 cm dbh, but it contradicts reports by Bose (1938) and Jalaluddin (1977) that the frequency of gaharu-wood formation is higher in larger trees.
Collectors reported that Aquilaria trees growing under stressful conditions are more vulnerable to gaharuwood infection, based on their observations that the occurrence of gaharu wood is more frequent at high elevations and on poor soils. Although based on a sample of only 39 trees, our findings were consistent with these reports: trees at higher elevations on granite soils were more likely to contain gaharu wood than trees at lower elevations on sedimentary and alluvial soils. Confirmation of this pattern at other sites and explication of its cause(s) is of practical importance because the unpredictability of gaharu-wood formation in natural forest is considered the major impediment to cultivation in a managed system (Peluso 1983; Beniwal 1989; Gianno 1990; LaFrankie 1994) .
EFFECTS OF HARVESTING AND LIKELIHOOD OF POPULATION RECOVERY
Overall, the intensive harvesting of gaharu wood at Gunung Palung appears to have caused only modest ecological disturbance. Felled trees were sparse (0.08-0.28/ ha), ). The percentage of tree biomass removed from the forest was low, and neither roads nor heavy equipment was used by collectors. Furthermore, the immediate reduction in availability of Aquilaria fruit caused by felling trees is unlikely to affect resident frugivores because Aquilaria appears to fruit supra-annually and in synchrony with a majority of canopy-tree species (M. Leighton, unpublished data), suggesting that Aquilaria is not a critical resource for resident frugivores during fruit-poor periods.
The effect of harvesting on Aquilaria, however, was severe. Most (75%) of the stems of Ն20 cm dbh were removed from a population that already occurred at low densities (Table 1 ). This harvest intensity appears unsustainable, except perhaps with very long rotation periods. Population recovery may be most problematic in the lowland granite and lower montane forest types, where densities of trees were most affected, and regeneration in lower montane forest was also relatively scarce (Table 1 ). In these forest types, new seedling establishment will depend heavily on seed dispersal from parent trees in adjacent forest types until a local reproductive population is reestablished.
The effect of harvesting on Aquilaria trees could have been less severe without sacrificing the amount of gaharu wood harvested. In the 125-ha sample of random plots, 4 of 18 trees felled did not contain gaharu wood. Collectors reported that such trees were felled by novice collectors who felled trees indiscriminately, as reported elsewhere in Asia ( Beniwal 1989; Gianno 1990 ). If uninfected trees had not been felled, the intensity of exploitation would have been reduced from 75% to 58%. Further, if ambiguous trees contained no gaharu wood and felling was avoided, only 46% of trees would have been felled (Table 2) . Wider use of known indicators to evaluate disease status prior to felling would enhance the sustainability of extraction in a managed system by increasing the number of reproductive adults in the residual population.
Although recovery of the Aquilaria population at Cabang Panti is uncertain, several factors point to a somewhat optimistic outlook. First, continued harvesting in the near future is unlikely because the low density of residual trees increases search time and decreases financial returns. Second, although reproductive adults are extremely rare in the residual population, continued reproduction may be possible because Aquilaria is monoecious (Hou 1960) and there is no published evidence of self-incompatibility. Third, felling Aquilaria trees has created light gaps that may, over time, promote growth of surviving regeneration near felled parents. In the regeneration plots placed randomly in lowland sandstone forest, the mean height of juveniles growing beneath open canopy in natural gaps (215 Ϯ 25 cm, n ϭ 59) was significantly higher than that of juveniles under partially closed or closed canopy (98 Ϯ 15 cm, n ϭ 37; MannWhitney test, U ϭ 525, p Ͻ 0.001). Evidence of a positive response to light near felled trees was not present in the size structure of regeneration surveyed near trees (Fig. 3 ), but this sample was enumerated only months after light gaps were created by the 1991 harvest. Because gaps were small, gap colonization by fast-growing pioneer species that require large gaps is unlikely. Thus, over time, Aquilaria regeneration near harvested adults may respond well to localized high-light conditions created by felling the parent. Fourth, it may be possible to facilitate population recovery by initiating an enrichment planting program. Seedlings are abundant near felled and standing Aquilaria trees in lowland forest (Fig. 2) , but our data suggest that in lowland sandstone forest juveniles may grow faster away from parents (Fig.  3) , where conspecific densities are 200 times lower. Thus, transplanting seedlings from high-density patches near felled and standing trees to other sites in the forest, especially light gaps, may increase the growth-and possibly survivorship-of remaining seedlings.
Economic Assessment
Although it was short-lived, extraction of gaharu wood from Gunung Palung greatly increased the cash income of collectors. Estimated gross returns per day ($8.80) were more than triple the daily village wage. Full-time gaharu-wood collectors undertook an average of 10 trips to Gunung Palung, generating a potential net income of $750. This exceeded the national per capita gross domestic product by 85% in 1988 (International Monetary Fund 1990) , the year most of the gaharu wood at Gunung Palung was harvested. Because local buyers extended credit for collection trips to any villager and many villagers participated, these benefits were distributed among many households. Income from gaharu wood enabled some collectors to continue educating their children and to build more durable homes. Rare but extremely valuable Aquilaria trees, worth up to $7650, generated exceptional profits of more than $3500 per trip (Table 2 ) and attracted hundreds of collectors. Such high returns enabled some collectors to purchase land or capital equipment that greatly enhanced their income-earning capacity. Gaharu wood is no longer harvested from Gunung Palung, but it is currently harvested from remote regions of west and central Kalimantan.
Extraction was so profitable because collectors exploited a variety of forest types totaling more than 70,000 ha. If the estimated mean density of diseased trees at Cabang Panti (0.14/ha) is representative of the park, there were more than 9000 diseased trees in 1989, valued at nearly $700,000 in net revenues. An estimated 92% of this value was liquidated, generating almost $640,000 in profit distributed among hundreds of households in the region.
An economic question of great importance to land-use planning in Kalimantan is whether gaharu-wood extraction in lowland forest generates financial returns per unit area higher than those of mechanized logging. Although profitable to collectors, gaharu-wood harvesting at Gunung Palung was so land-extensive that it generated a low potential net present value (Table 3) . Reliable, published estimates of the net present value per hectare of mechanized logging in West Kalimantan are not available, but it likely exceeds that of gaharu wood by several orders of magnitude (L. M. Curran, unpublished data). Thus, establishing extractive reserves in Kalimantan for the sustainable harvest of gaharu wood at natural tree densities would not be favored over commercial logging on purely financial grounds.
Management Potential of Gaharu Wood
Gaharu wood is a tropical nontimber forest product with high potential for profitable extraction in a managed system because of its unusual economic and biological properties. It has an extremely high value per unit weight, it is nonperishable, and its major markets are international. Further, the tree's wide habitat distribution suggests that it could be cultivated on many soil types, especially on upland marginal soils where the frequency of gaharu-wood formation may be higher and competing land uses fewer. But the low density of diseased trees and long time interval between harvests would have to be manipulated in a managed system to increase the net returns per unit area.
Increasing the density of diseased trees in a managed system might be achieved by increasing both the overall density of trees and the percentage of trees that become infected. High-density stands of Aquilaria have been grown from nursery seedlings in plantation trials ( Beniwal 1989) , and natural gregarious stands in South Kalimantan (Sidiyasa et al. 1986 ) suggest that higher tree densities could be achieved through managed planting. A procedure for increasing the percentage of infected trees is widely used in India (Varschney 1991) , where seedlings are raised in home nurseries, outplanted into high-light conditions, and then inoculated after 3 years by implanting recently harvested gaharu-wood nodules into the stem and lower branches. On average, trees can be felled 5 years later, producing gaharu wood on an 8-year cycle. This cultivation method shortens the period between successive harvests and increases both the proportion of trees that yield gaharu wood and the yield per tree. In the Gunung Palung region, infected Aquilaria occur naturally, surviving regeneration is abundant, and some villagers have already begun planting and tending Aquilaria in forest gardens near their homes. Experimental trials to develop systems of small-scale cultivation are justified for this extremely valuable product.
